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Electric quadrupole (4f -* 2p and 3d -* 1s) atomic trami- 

tiom have bee= observed in  muonic Z O S ,  . An identification based 
\ 

upon energy and relative intensity determinations provicles good 

agreement with theoretical predictions. 
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An atomic transition which violates the electric dipole (El) . 

selection rule is considered a "forbidden transition" because its 

transition rate is generaly much smaller than the rate of  the compet-. 

ing dipole transition. The first forbidden transitions, recognized as 

such, were observed by Datta in 1922 from electronic atoms of alkali 1 

m e t a l s .  Since then nany forbiddentransitions in electronic atoms have 
2 3 been observed. The subject has been revjewqd by Gasstang Until now 

only El. muonic transitions.have been reported, 

%he observation of some electric quadrupole (E2) atomic transitions in 

We would like to report 

IR the long wave length aFproximation the probability of a 

hound muon making an Lth order electric (EL) atomic transition i s  given 

by: 

r 
. .  . .  

wilere f and g (f' and g ' )  are the initial (find) radial Dirac wave 

functions for a muon bound to a nucleus with charge 2; 

M is the energy of a muonic transition between atomic states 

with total angulas momenta j end jr. 
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E2 transitions can be observed with moderate ease in muonic atoms of 

high 2 when it is possible for a muon t o  make an energetically favored 

E2 transition with a change i n  principal quantunt number An > 1 instead 

of an El transition with An = 1. For exarnple, the calculated value of 

the ra t io  R, of deexcitation intensities from the 3d atomic state via 

El and E2 transitions, is given (using nonrelativistic wave functions 

for a point nuclear charge distribution) by: 
- 

2WPb = 42 for 

Using re lat ivis t ic  wave f'unctions for a f in i te  distribution of nuclear 

charge we find tha t  thq predicted ratio R decreases by more than a 

factor of 2 to': 
. -  . .  

-. " -  

. .  . .  .. 
208m R = 20.4 for 

Indeed, such E2 transitions f r o m  circular orbits (1 = n-1) can be of 

comparable intensity t o  El transitions *om inner orbits (1 C n-1) which 

are much less populated than the circulas orbits. 

With the muon fluxes obtainable from t he  600 MeV synchrocyclo- 

tron at  the NASA Space Radiation Effects Laboratory, E2 transitions 

from circular orbits are easily observed as long as they can be 
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resolved f’rom El transitions of nearly the same energy. For example the 

-1s El (K ) transitions l i e  close t o  the 3d+ls E2 transitions i n  

20%b with energies around 8.5 MeV. 
6 

In  muonic Pb the finite size 

effects and radiative corrections in the n = 3 level produce a displace- 

ment of the 3d and 3p doublets by about 40 keV, which is easily resolved 

by Ge(Zi) detectors. 

b + 2 p  t r ip le t  by 17 keV, again readily resolved. 

elements such displacements would be less. 

Similarly tbe 4f+Q t r i p l e t  is displaced fron the 

However for lower. Z - 
In addition the fine- 

structure spl i t t ing is generally of the same order of magnitude as the 

El-E2 multiplet displacements so that  certain components of the 

multiplets do coincide in  energy (e.g. the -* 2p3,2 and the 

transitions i n  208P3 differ by only 0.5 keV). Since the 4f5/2 * @3/2 
4 population of inner orbits i n  high 2 muonic atoms is eqerPmentslly 

less  than that of the circular orbits, these transitions can be of 

comparable intensity as our 208Pb data demonstrate. 

solved El and E2 transitidns may lead t o  faulty interpretations in 

term of charge distributions i f  the observed energy is shif’ted and if 

such unresolved transitions are taken as pure E l  transitions. 

The near coincidence between certain E2 transitions from 

Obviowly w e -  
- 

I 

circular orbits with El transitions from inner orbits of the same 

principal quantum number does a l l o w  a convedent method of studying 

the atomic cascade since one can infer the relative population of states 

o f  different orbital  angular m e n t u m  with essentially no correction 

for detector efficiency or self-absorption i n  the target. I n  order 



to  be able t o  infer  the relative popula%ions it is necessary that the 

transit ion rates be calculable. For atomic transitions where the muon 

wave f’unctions are well-known, such calcubtions,  i n  principle, present 

no insuperable problem. It must be stressed, though, that  for high 

2 muonic atom, the long wave length approxination formulas usedl i n  

this discussion should be rephased by the exact expression containing 

spherical Bessel functions resulting from the multipole expansion of‘ 

5 

the vector potential. 

In Fig. 1 we show the muonic x-ray spectrum -- both prompt 

and delayed -- i n  the region of the K transitions i n  20%b. 

3-1s doublets are quite w e l l  resoLved. 

four Gaussian Peast squares f i t  t o  the cpttta with an assumed exponential 

background which is indicated by the dashed l i n e  below. %’he l i n e  .. . 

spectrum beneath the data indicates the positions of the four pekks. 

W e  base our identification o f t h e  E2 transitions on the observed 

. energies and on the relative intensit ies,  which.&rc for the most part 

in good agreement with the predicted energies anid. intensities. The 

The B 
The s o a d  curve indicates a 

. .  -. 

‘1 . -  

predicted energies were determined by a 3-parameter f i t  of our ob- 

*a +lS served energies for the 3d3/2+@1/2, 3d5/2 3/29 2p3j2 1/23 
6 

transitions t o  a 2-parameter a1/2*1s1/2’ “1/2*1/2 and 2s1/2f2p3/2 

Fermi distribution and a variable nuclear polarization of the 1s 
7 level. 

smt%on In the higher levels and the higher order vacuum polerizatiao 

We have included the corrections of Chen for nuclear polari- 
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8 corrections of Fricke . A complete discussion of this analys 

appear elsewhere9. The valuesl0 obtained €'ram this fit are given in 

Table I. 

For the purpose of identification the transition rates were 

calculated using the long wave length approximaeion given in Eq( 1). 

The cascade calculatiansll were made assuming a statistical distrf- 

bution in the n = 14 level. Muon wave func.t;ions for a point charge 

distribution were used for all transitions feeding the n = 4 levels 

. and for all An > 2 transitions feeding the n = 3 levels. AU oZher 

radiative transition rates were calcuhted using the above charge 

distri?ktion parameters to determine the wave functions and energies 

needed in Eq(1). Only El transitions were assumed from levels with 

n > 4. Non-radiative transitions &hex thss Auger transitions were 

tgElor&l? 

In 

hergiea and 

' 0% 4d-*2p and 

trassitions. 

. .  . .  . .  
. -  

/ 
.. . . .  . . .  

Table I we show a comparison of predicted and observed 

intensities (corrected for relative detector efficiency) . 
3pls El transitions and the nearby 4- and 3d*ls 

The 4-*2 transitions snow excellent agreement between 

experiment and theory for both the enwgies and re1a;t;ive intensities. 

Of' course the 4f5/2+2p3/2 transition could not be observed directly 

since it cannot be resolved f r o m  the 4d5,2*2p3,2 which is more than ten 

times &s intense. But the assuutption of its presence is consistent 

dtb. the observed intensity ratios. 
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For the most past t h i s  excellent keement  is also found' i n  the 

3+1 transitions. However, there are two anomalies which at present remain 

unexplained. 

If we ignore this  transition, we find quite good agreement between 

eqperiment and theory for the other intensities. "his possiblj. suggests 

a robbing of the 3pSl2 level by some unknown (probably non-radiative) 

process, 

The 3P3/2 +ls 1/2 transition seems less  intense than expected. 

The same trmsitions i n  206Pb show no such effect but a 

The second anoma3.y involves the dis2lacement of' the 3p doub- 

let relative t o  the 3d doublet. 

structure splittings in  the 3+1transitions. 

Table I1 lists the observed fine- 

The observed 3p and 3d 

difference is nearly four standard deviations fromtheory. In contrast . 

t o  the intensity anomaly mentioned above, t h i s  anomaly does persist in 

the 206Pb data. 

charge distribution given in  Table I it is conceivable that t h i s  anomaly 

, 

Since the 3p level was not used t o  determine the 

might disappear if  a different functional form for the charge d i s t r i -  

bution had been assumed. Various forms with faster f ~ ~ l l - o f f s ~ ~  have 

been t r ied but have not as get removed th i s  effect. 

gating other forms of the charge distribution. 

We are investi- 

I n  sunmasy we feel  that our data strongly demonstrate the 

presence of E2 atomic transitions in 20%b. The importance OS taking 

such transitions into consideration for muonic x-ray data interpretation 
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in  tmns  of nuclear charge distributions cannot be overstressed. These 

tran$ition energies can nearly coincide with those of inner El transi- 

tions ELnathus may confuse the interpretations, 

We axe indebted t o  Professors D. IC. Anderson, D. G. Ravenhall 

and L. Wilets for helpful discussions. 

the staff of SREL for their assistance. 
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TABLE cmms 

Table I 

- &ergies and relative lntensities of 4 + 2 and 3 + 1 
2 0 8 ~  transitions in muonic 

Table I1 

3p + Is 

go% (Kev), 

- 
and 3d +Is fine structure splitting% i n  muonic 
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42.83 
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38.92. 



Captions 

Figure 1 - muonic spectrum showing 3d-+ls and 3 p l s  doublets. 

The’dots represent prompt data; the crosses represent debyed 

data, The heavy curve is a least squares fit o f  4 Gaumians 

and a two panmeter exponentia3, background (tndieated by the 

dashed l ine).  The relative intensities of the pealea are 

indicated by vertical bars located at the centroid of each 
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